We investigated the impact of Norway's current zonal carnivore management system for four large carnivore species on sheep farming. Sheep losses increased when the large carnivores were reintroduced, but has declined again after the introduction of the zoning management system. The total number of sheep increased outside, but declined slightly inside the management zones. The total sheep production increased, but sheep farming was still lost as a source of income for many farmers. The use of the grazing resources became more extensive. Losses decreased because sheep were removed from the open outfield pastures and many farmers gave up sheep farming. While wolves expel sheep farming from the outfield grazing areas, small herds can still be kept in fenced enclosures. Bears are in every respect incompatible with sheep farming. Farmers adjust to the seasonal and more predictable behavior of lynx and wolverine, although these species also may cause serious losses when present. The mitigating efforts are costly and lead to reduced animal welfare and lower income for the farmers, although farmers in peri-urban areas increasingly are keeping sheep as an avocation. There is a spillover effect of the zoning strategy in the sense that there is substantial loss of livestock to carnivores outside, but geographically near the management zones. The carnivore management policy used in Norway is a reasonably successful management strategy when the goal is to separate livestock from carnivores and decrease the losses, but the burdens are unequally distributed and farmers inside the management zones are at an economic disadvantage.
Introduction
Populations of large carnivores are recovering in many parts of Europe, following a long period of decline (Woodroffe 2000; Treves and Karanth 2003; Eriksson 2017) . Roughly one-third of the continent is now host to at least one of the five large carnivore species: brown bear (Ursus arctos), wolverine (Gulo gulo), gray wolf (Canis lupus), lynx (Lynx lynx and Lynx pardinus), and golden eagle (Aquila chrysaetos) (Chapron et al. 2014) . The preceding decline in the number of large carnivores was, at least partly, caused by the expansion of agriculture and the resulting conflicts between carnivores and livestock (Mattiello et al. 2012) . Studies also show strong associations between high human population density and the loss of carnivores from a region (Cardillo et al. 2004; Safi and Pettorelli 2010) .
The meticulous development and implementation of successful conservation strategies is perhaps the single most important factor explaining the return of the large carnivores in Europe. An additional and possibly influential factor is the changing modes of agricultural production. Traditional and economically less intensive production methods have been marginalized in favor of an industrialization of the agricultural sector (Martin 2001) . The bulk of meat, poultry, and dairy production in most European countries today take place in controlled environments, inaccessible to carnivores and carnivores are no longer a threat to food security. Attitude surveys subsequently show strong support for the current conservation policies regarding large carnivores (Skogen 2001; Kaltenborn and Bjerke 2002; Røskaft et al. 2007; Blekesaune and Rønningen 2010; Eriksson 2017) .
The changing social and economic conditions have fostered urbanization followed by rural depopulation. This is part of a common trend across Western Europe (Rey-Benayas et al. 2007; Navarro and Pereira 2015) . Farming is abandoned on many smaller farms (now converted to holiday homes), leading to afforestation and creation of suitable habitats for large carnivores. The social effect of the urbanization is that the majority of the population has little or no first-hand knowledge of the rural society or agricultural production. The result is an increasing social distance between the rural culture and the majority of the population.
Livestock production is, due to climatic constraints, important in Norwegian agriculture. Norway is located between 58°and 71°latitude in the Northern Hemisphere. Only 3% of the area is cultivated agricultural land and the majority can only be used for grass production. Grass must be processed by animals and refined into meat or dairy products in order to be used as food for humans.
Norway has short summers and long winters. Farmers therefore harvest the grass produced on the scant agricultural land during the summer and use it as fodder for the animals during the winter. Fortunately, there are also rich, but uncultivated pastures in the Norwegian forests and mountains where the livestock can rummage for food during the summer. Norwegian agriculture therefore distinguishes between "infield" and "outfield" pastures. The "infields" is the cultivated agricultural land and "infield pastures" is pasture on cultivated (and usually fenced) fields. The infields can be used as pasture early in the spring and late in the autumn, but the main function is to cultivate hay that is harvested and stored for use during the winter. The "outfields" is the unmanaged and unfenced pasture in forests, mountains, fens, moors, and heathland. These are exploited by free-roaming livestock during the summer months. The combined use of "infields" and "outfields" constitutes a production system that has been operational for several centuries. Carnivores were exterminated in order to protect livestock on outfield pastures. The reintroduction and subsequent growth of large carnivore populations has led to a revival of old human-carnivore conflicts, this time as a political conflict with strong economic and societal connotations (Eriksson et al. 2015) .
Carnivore predation on livestock occurs when predators and livestock are present in the same area. Total losses are often small relative to the total numbers of livestock, but can still constitute a significant proportion of total livestock mortality. Juvenile animals are particularly vulnerable. Losses are highly variable, but can be geographically concentrated, resulting in very-high loss for some herders (Baker et al. 2008) . A study of the economic impact of protected large carnivores on sheep farming in Norway at the turn of the century documented considerable losses in some areas (Asheim and Mysterud 2004) and predicted that the losses experienced by sheep farmers could cause sheepfarm decline. Direct losses also increase the conflicts between involved interest groups. The key to successful coexistence requires limiting livestock losses to levels that are acceptable to a majority of the affected community (Dorresteijn et al. 2013) .
The Norwegian parliament has sought to establish a compromise between the stakeholders in the human-carnivore conflict. The solution is a political consensus formalized through two parliamentary decisions. The first was decision 337 (13th May 2004) over proposal Innst. S. 174 (2003 Innst. S. 174 ( -2004 .The second was decision 687 (17th June 2011) over proposal 163S (2010-2011) . These decisions are known to the Norwegian public as the Carnivore Settlements of 2004 and 2011, respectively. The settlements seek to reconcile two goals: continued sustainable livestock production in the outfields and the maintenance of viable carnivore populations.
The main tool developed under the Carnivore Settlements of 2004 and 2011 is a zonal management system (Ministry of Environment 2003; Hansen et al. 2019) . Carnivore Management Zones (CMZ) are defined individually for each carnivore species by eight regional carnivore management boards. The total CMZ area for a species must be large enough to sustain a viable carnivore population, where "viable" is a population size defined by the parliament. The target is currently 65 annual litters for lynx, 39 for wolverine, and 13 for bear. The annual target for wolf is four litters by reproducing groups in Norway and two litters by groups that may have part of their territory in Sweden (with each litter in a partially Swedish pack weighted by 0.5).
The CMZs are drawn up independently for each carnivore species, and there is considerable spatial overlap between the zones. The remaining area (not allocated to one or more carnivore species) is considered as prioritized for livestock. The concept "prioritized for livestock" is equivocal. Many areas fall inside the CMZ for some, but not all carnivores. An example is the large areas assigned as CMZ for lynx, but outside the CMZ for the other three carnivore species. Livestock in these areas must be protected against lynx, but brown bear, gray wolf, and wolverine should not be expected here.
A CMZ is not a sanctuary and outfield pasture can also be utilized inside a CMZ, but only provided that sufficient and adequate steps are taken to avoid conflicts with carnivores. Such steps include fencing, shepherding, guard-dogs, and physically moving the livestock to new locations. Lethal population control can be used to regulate the carnivore population inside the CMZs upon reaching the population targets.
The fact that a location is included in a CMZ does not necessarily imply that carnivores are present. There will be regions without carnivores inside the CMZs, and there will be carnivores present outside the CMZs. It is, however, more likely that carnivores are present inside the CMZs, since the protection is stronger there. There are also differences with respect to grants provided for mitigation and compensation schemes inside and outside the CMZs (Hansen et al. 2019) . The considerable overlap between CMZs also implies that the impact from carnivores may be higher in certain regions due to carnivore sympatry.
The objective of this paper is to examine the impact of the reintroduction of large carnivores and the creation of a zonal carnivore management system on livestock agriculture, using the current situation in Norway as a case study. We focus in particular on the effect of the zonal management approach on the sheep industry and discuss possible mitigation efforts to alleviate future conflicts.
Method and Material
Digital maps of the management zones (CMZ) for the four mammalian large carnivores were downloaded from the Norwegian Environment Agency (production date 15th September 2015), converted to a common projection (UTM-33/EUREF89) and merged into a single dataset. Slivers and gaps were removed, geodetic errors were corrected and the boundaries set to match the coastline and national boundary from official topographic datasets at scale 1:50,000 retrieved from the national geospatial infrastructure (Norway Digital). The result was a polygon map where each polygon was represented with four binary [0, 1] variables indicating that the polygon was (1) or was not (0) part of a management zone for the corresponding four large carnivore species.
Organized Outfield Grazing (OOG) is a system introduced in 1970 to improve animal welfare, reduce loss of animals during the grazing season, and increase profitability for the farmers. OOG invited farmers to form local grazing associations (LGA) and cooperate in capacity building with respect to tending and herding animals on outfield pastures.
LGAs are entitled to public subsidies and have to report annually on activities, number and loss of livestock, as well as obtained weights. These data are available in a central database known as the Information system for outfield grazing (IBU). The outfield area used by each LGA has been mapped and the geographical information is also available as part of IBU.
Data for all operative Norwegian farms in 1999 and 2017 were retrieved from the register of applications for agricultural subsidies (older data are currently not available). These records were linked to the national farm register in order to retrieve point coordinates for the farmsteads and establish a point dataset with attributes representing the farmland in use and the number of different livestock animals on each farm. A point-in-polygon overlay with the CMZ-map was used to add four binary indicator variables representing the presence or absence of each carnivore management zone at the farmstead. These indicator variables allowed us to stratify the farms according to their location, inside or outside any particular CMZ, or combination of CMZs.
Data on loss of sheep, from the annual reports submitted by the LGAs, were aggregated by county and year from 1970 to 2016. Relative loss was calculated as a percentage of the number of animals that were released in the outfield grazing areas. There was no attempt to identify the cause of loss in this material. In addition to total national figures, two counties were selected to represent two extreme situations. Hordaland, on the Atlantic Coast, is a region with very few large carnivores, no CMZ and relatively minor impact of diseases associated with outfield grazing. Hedmark, on the Swedish border, is also a region with few problems related to disease, but has management zones for all four large carnivore species within the county boundaries and a high impact of gray wolf and brown bear migrating from Sweden (Ministry of Climate and Environment 2016, p. 26) . The development in Hordaland and Hedmark were compared using descriptive graphics.
The survey data from the Norwegian area frame survey of land cover and outfield land resources (Strand 2013 , Bryn et al. 2018 ) was post-stratified using the CMZ-map and then used to calculate grazing capacity inside the zones. Data from the LGAs were also post-stratified using the zonal map in order to calculate the current use of the grazing capacity in each zone. Grazing capacity and actual exploitation of the grazing resource was calculated for a number of partly overlapping strata. The unit is "Livestock units" (LSU), a reference unit which facilitates the aggregation of livestock from various species and age. The reference unit used for the calculation of 1 LSU is the grazing equivalent of one adult sheep.
The Norwegian Nature Inspectorate (SNO) examines carcasses of domestic animals found and reported by the farmers, in order to determine the cause of death. The methods and routines used in the field by SNO are described in detail in Skåtan and Lorentzen (2011) . Only a fraction of the animals lost and claimed are found and examined by SNO, but the cases reported by SNO can probably be considered as a valid sample of the animals actually killed by carnivores. This proposition is based on the fact that SNO is a national public authority and is present with trained and professionally well calibrated local officers in every part of Norway, and also on the assumption that the likelihood of finding the carcass of a dead animal is independent of location. The material may be biased if carcasses are harder to find in certain regions, or SNO officers have developed dissimilar practices in different regions.
The data created by the examination of carcasses carried out by SNO are available in the database Rovbase (www. rovbase.no) and include location (measured using GPS), the probable cause of death and a remark about how reliable the information is (how certain the SNO officer is about the cause of death). We downloaded the data and used a GIS overlay tool to link the carcass observations to the management zones. The link was used to stratify the carcass observations into two strata: carcass observations inside the CMZ and carcass observations outside the CMZ for the carnivore that killed the prey. We used this stratification to calculate the relative number of sheep killed outside the CMZ for each carnivore species.
We could not get access to any dataset showing the geographical distribution of each of the four large carnivore species. Instead, we used the carcass data from SNO as a proxy. The carcass observations were linked to a 25 × 25 km national statistical grid developed by Statistics Norway (Strand and Bloch 2009) using a GIS intersection tool. We counted the number of years each carnivore species killed one or more domestic animals in each grid cell. The four resulting maps show how frequent, in terms of number of years, domestic animals (including dogs and reindeer) was killed by the carnivores in each grid cell. We consider this map as a simple indicator of the species distribution.
Results
The CMZs in Norway cover~180,000 km 2 , or 55% of the Norwegian land area. The CMZ for lynx constitutes the largest parts of this area (~149,000 km 2 ), often intersecting CMZs for other large carnivore species. The zones for wolverine, brown bear, and gray wolf are smaller. The CMZ for gray wolf covers~18,000 km 2 in south-eastern Norway. The four CMZs are shown in Fig. 1 (a-d) along with the estimated geographical distribution of the four carnivore species. The number of years when SNO has found carcasses of livestock (including dogs and domesticated reindeer) killed by a particular carnivore species is used as an indicator of presence for that carnivore in the grid cell. The maps differentiate between grid cells where the carnivore species only has killed domestic animals in 1-4 years since 1990 (when the registrations started) and grid cells where the species has killed domestic animals in 5 or more years during the period. This is not an exact species distribution map, but in our opinion a reasonable approximation in the absence of more accurate data.
We notice, however, that the maps underestimate the presence of carnivores arriving in an area after the removal of livestock. An example is wolverine. Wolverine is usually found in the mountains, but has also migrated into forested areas, because the wolverine is attracted by remains of moose (and other prey) killed by the larger carnivores. This migration followed the reintroduction of brown bear and gray wolf in the forest areas. Sheep was already removed from these outfield pastures when the wolverine arrived. They therefore appear incorrectly as white spots on the wolverine distribution map, because no carcass of domestic animals killed by wolverine has been observed in the area. We know that the wolverine is present because the species have been observed by local hunters (pers. comm.).
The success with respect to achieving the targets for viable carnivore populations in Norway is reported by the environmental authorities using the web site https://miljosta tus.miljodirektoratet.no/tema/arter/rovdyr-og-rovfugler/. The reports for 2019 show that the population targets were achieved for gray wolf and wolverine, but not for lynx and brown bear. Further discussion regarding the achievement of the population targets is outside the scope of this paper, but can be found in Krange et al. (2016) , Swenson et al. (2017) , Gervasi et al. (2019) and López-Bao et al. (2019) . Figure 2 shows the loss of sheep (percent lost) on outfield pastures by year during the period 1970-2016. The lines represent the national average together with two selected counties: Hordaland and Hedmark (representing two different environments with respect to carnivores. Figure 3 shows the location of Hordaland and Hedmark). The graph shows reduced loss rates in both counties from 1970 into the early 1980s, when loss rates started to increase in Hedmark but not in Hordaland. The first increase in Hedmark is concurrent with the reintroduction of brown bears. The loss rates furthermore accelerated rapidly in Hedmark after 1990, a development coincidental with the reintroduction of gray wolves in this county. No carnivores have been reintroduced in Hordaland. The losses stabilized in Hedmark in 2004, when the zoning management strategy was implemented, and decreased sharply in Hedmark from 2014. A more detailed explanation of these results is found in the "Discussion" below.
The CMZs for the four large carnivore species do to some extent cover the same tracts of land ( Fig. 4) . Some areas and some farmers are therefore located inside the CMZ for several carnivore species. Provided that the carnivores are present, the situation is most severe in a region covering~9000 km 2 in Hedmark, where CMZs for all the four large carnivore species intersect.
The structural change in Norwegian agriculture is described by comparing data from applications for subsidies from 1999 to 2017 (Table 1) . These data were stratified according to the CMZs. The table has several sections. The first section (a) shows percent change for the entire country. The second section (b) compares the percent change inside and outside CMZs. There is little difference between these strata, but sheep farming decreased inside the CMZs and increased in areas prioritized for livestock.
The third section of Table 1 (c) shows percent change inside the CMZ for each of the four large carnivores. Note that these zones to some extent cover the same areas ( Fig. 4) . The table shows that the number of sheep and the number of sheep farmers both decreased substantially in the CMZ for brown bear. The number of active farmers also Population range is estimated by counting the number of years domesticated animals (including dogs and reindeer) have been registered by SNO as killed by the carnivore species since 1990 inside 25 × 25 km grid cells decreased more inside this CMZ than in other zones. The result shows that agriculture in general, and sheep farming in particular, is faced with major challenges in the region designated as management zone for brown bear.
The fourth section of Table 1(d), divides the CMZ for gray wolf into a northern and a southern part of approximately equal size. The stratification follows the administrative boundaries. Family groups of gray wolf are well established in the northern part, and this part also coincides with the CMZ for brown bear. The southern part is outside the CMZ for brown bear, and has few resident gray wolf packs. The number of sheep increased in the southern, but decreased substantially in the northern part of the zone. The reduction in the number of active farmers is also less than the national average in the southern part, but substantially higher than the national average in the northern part.
Finally, the fifth section of Table 1(e) shows the change in areas within CMZs for none, one, two or three to four carnivore species. The table indicates more austere structural changes in terms of reduced number of farmers, agricultural land in use, and number of livestock in areas where CMZs for three or four carnivore species overlap and carnivore sympatry may be present.
The results pertaining to grazing capacity (Table 2) show that the overall exploitation of outfield grazing resources in Norway is~40% of the available resources. The geographical distribution is uneven. The use in areas outside CMZs is considerably higher (59%) than the use in areas inside the CMZs (26%). The lowest exploitation of available grazing resources is found inside the CMZ for brown bear (6%) and gray wolf (12%). Table 3 shows statistics based on the location of carcasses of dead sheep. The table includes only carcasses where the SNO officer has identified the cause of death with high certainty as being due to carnivores (as defined in Skåtan and Lorentzen 2011) . Lynx was the only carnivore where the majority of the carcasses (65%) caused by the species were found inside the CMZ for the species.
Carcasses caused by other large carnivores were mainly found outside the CMZ for the species.
A summary of the main results are • Increasing sheep losses coincide temporally and geographically with the reintroduction of large carnivores.
• Sheep farming is slowly moving from areas inside CMZs to areas outside CMZs.
• Sheep farming decreased most in areas where several CMZs overlap, and in particular inside the CMZ for brown bear.
• Sheep farming is decreasing in the northern and increasing in the southern part of the CMZ for gray wolf.
• Outfield grazing resources are less exploited inside CMZs than outside CMZs.
• Sheep losses have decreased inside CMZs since the introduction of the zoning policy.
• Carcasses of sheep killed by carnivores are now mainly found near, but outside the CMZs.
Discussion
Our results show that the zoning strategy is successful in terms of separating livestock from carnivores. This is partly attained by moving livestock from open to fenced pastures inside the CMZs, partly by moving livestock to grazing areas outside the CMZs. Some farmers in areas with high depredation also give up sheep farming entirely. Sheep farming is thus gradually transformed or abandoned in the areas where carnivores are present. The result is less depredation, but also a loss of employment and income, and reduced use of grazing resources. Direct conflicts between livestock and carnivores are reduced inside the CMZs, but the human-carnivore conflicts continue as a result of the societal effects of the changes. There is also an increasing conflict due to spillover effects in the areas surrounding the CMZs. 
Increasing Sheep Losses Coincides with the Reintroduction of Large Carnivores
The time series based on data from IBU shows the longterm development of losses of sheep in the outfields. Around 80% of the livestock using the outfield pastures in Norway are kept by farmers who are members of an LGA. Figure 2 compared losses in the two counties Hedmark and Hordaland. We interpret the difference between Hedmark and Hordaland as the effect of the reintroduction of large carnivores in Hedmark.
As shown in Fig. 2 , the relative loss of sheep during the grazing season was fairly similar in Hedmark and Hordaland before the reintroduction of large carnivores in Hedmark. Hedmark actually had relatively lower losses (3%) than Hordaland (>4%). Both counties also showed a positive development with falling losses throughout the initial years. A first change set in around 1982 when the brown bear had returned to Hedmark. Losses now started to increase in Hedmark while losses in Hordaland continued to decline. The reintroduction of the brown bear is the only judicious explication. Farmers in Hedmark were not prepared when the bears returned, had little or no experience with carnivores, and were unable to implement any effective protective measures. From 1990 onward, the losses increased dramatically in Hedmark. These are the years when the gray wolf also returned and the first packs were established in the region. Losses in Hedmark stabilized after the turn of the century. The high losses continued until 2010, but are later substantially reduced. The zoning management strategy was introduced in 2004, and mitigation efforts (in terms of expelling sheep from the outfield pastures) started to take effect a few years later. The development in Hedmark is closely linked to the reintroduction of the large carnivores. Losses increased when the large carnivores were reintroduced and declined again when the CMZ strategy was implemented and farmers gave up free ranging sheep farming and stopped using local grazing resources. Many farmers abandoned sheep farming altogether. Those that remain keep their sheep inside enclosures with carnivore-repellant fences or transport the sheep to rented summer pastures in regions outside the CMZs for brown bear and gray wolf.
The impact on agriculture is not as pronounced inside CMZs for lynx and wolverine, where the pressure from large carnivores is less severe than in the CMZs for gray wolf and brown bear. Farmers in these areas have organized themselves and adopted techniques to protect the livestock. The techniques include transportation of sheep to regions with less carnivores, intensified guarding, organization of local communities prepared to help muster the sheep, and bring them back from the outfields when carnivore attacks set in, and provision of prepared and fenced infield areas where sheep returning early from the outfields can graze.
Increasing livestock losses when large carnivores are reintroduced in areas with grazing livestock on open pastures is also reported from other countries (Stahl et al. 2001; Kaartinen et al. 2009; Meuret et al. 2017; Widman and Elofsson 2018) . Studies show that losses can be geographically concentrated, (Stahl et al. 2002; Scasta et al. 2018; Behmanesh et al. 2019 ) and national or even regional figures can cover substantial variation between locations. There are few longitudinal studies, however, and our time series provides new insight into the dynamics, since we can follow the development over a period of 50 years and compare regions that are different in terms of carnivore composition.
Geographical Shift in Sheep Farming
The Norwegian agricultural sector has gone through considerable structural changes since World War II (Forbord et al. 2014 ). The number of active farmers went from 213,000 in 1949 (Bye et al. 2014 ) down to 40,000 in 2017. Most of the farmland is still in use, suggesting that production takes place on fewer, larger, and more capitalintensive farms. The greater part of these structural changes is not related to large carnivores. Many changes also took place before the reintroduction of the carnivores and the creation of the CMZs.
The differences between areas inside CMZs and areas outside CMZs are negligible in terms of development in number of farmers and farmland. The main difference is related to sheep farming and is an addition to the structural changes suffered by the agricultural sector in general. While the number of sheep declined slightly in the CMZs during the study period, the reduction was offset by an increase outside the CMZs. The total production was therefore maintained, but sheep farming was lost as a source of income for many farmers in the CMZs. The change is piecemeal, engendering a gradual removal of livestock from the range of carnivores.
Moving entire communities away from areas prone to carnivore attacks has been part of the conservation strategy in some countries (Nyhus and Tilson 2010) . The geographical shift observed in Norway is not of that kind, but can be interpreted as a continuous social and economic process. Similar slow geographical shifts in livestock production is found in many parts of the world, and can be caused by climatic (Williams et al. 2016 ), ecological (Anadon et al. 2014 , industrial (Lundström 2011) , political (Saizen et al. 2010) , or economic (Harrington et al. 2010) changes. The systematic geographical shift away from the CMZs in Norway is limited to sheep production, and carnivores or the carnivore management system is assumed to be a contributing factor.
Limited, occasional and evenly distributed losses are bearable for farmers, especially if they are sufficiently compensated. It is, however, challenging to create and implement a fair and acceptable compensation scheme (Nyhus et al. 2005) . The losses are not evenly distributed: a few farmers suffer large and repeated losses (Landa et al. 1999) . Losses are demotivating to the farmers that are affected (Vittersø et al. 1998) , and more so if the compensation is perceived as unfair. The Norwegian compensation scheme has been challenged in court and the court ruled that the administrative practice used to determine compensations was unpredictable (Frostating 2013) . The emotional and economic effect of accumulated losses is that farmers who suffer large and repeated losses give up livestock agriculture. The vacancy in the market is subsequently filled by farmers in other parts of the country.
Sheep Farming where CMZs Overlap
Sheep farming has declined sharply in areas where three or four CMZs overlap: these areas coincide with the CMZ for brown bear, where the relative reduction in the number of sheep is particularly high (−39%). It is not possible to separate the effects of having many CMZs in an area, and the effects of the management zone for brown bears alone. The CMZ for brown bear is always present where three or four CMZs overlap.
Bear attacks on grazing sheep has been prevalent in Norway (Mysterud 1980) . Bears are large, unpredictable, and occasionally violent and therefore represent a threat that the farmers are unable to cope with. Bears can damage carnivore-repellant fences and the damage inflicted on a herd attacked by brown bear is often substantial with many animals killed. The CMZ for brown bear is found in regions where livestock farming is particularly dependent on using outfield resources. Bears are incompatible with freeroaming sheep in the outfields and prevent the farmers from exploiting these resources. Farms in the CMZ for brown bear are small and herds cannot be sustained on their infields alone. The result is that sheep farmers are forced out of business.
This development in areas where three or four CMZs overlap explains the geographical shift in sheep production as discussed above. It is not a general shift away from CMZs. The change is negligible in areas with only one or two CMZs. We interpret the change as a reaction from farmers suffering high losses and leaving the sheep industry in the most affected areas, with a corresponding increase in herd sizes outside the CMZs.
Cattle or dairy production could constitute a viable alternative for sheep farmers. Norwegian authorities have in some cases offered grants to farmers who are willing to change to dairy farming. Brown bear is, however, a danger to cattle as well as sheep. Cattle production also require higher investments than sheep farming. Farmers on small farms are less inclined to accept this financial risk. Cattle furthermore require access to more infield areas, so several sheep farmers have to go out of business before one of them can buy or rent the land from the rest in order to create a sufficiently large production unit for cattle or dairy production.
Carnivores are not the only possible explanation for the structural changes in the regions where CMZs overlap. An alternative explanation is that this is remote, rural areas that people (in particular young people) find socially unattractive. They therefore abandon farming and migrate to urban areas. This rural depopulation is an ongoing process in Western Europe, driven by socioeconomic factors (MacDonald et al. 2000; Rey-Benayas et al. 2007 ). According to this explanation, the areas where the CMZ for brown bear is located and three or four CMZs overlap will sink into deselation irrespective of the presence of carnivores. Further studies are needed to test this hypothesis by comparing the development in areas with overlapping CMZs to similar, remote areas with no CMZs.
Differences Inside the CMZ for Gray Wolf
There are notable geographical differences in the development inside the CMZ for gray wolf (Table 1 ). The number of sheep was reduced by −42% in the northern part of the zone, but increased by 55% in the southern part. These apparently contradictory results are related to several factors. One factor is that the northern part coincides with the CMZ for brown bear, as well as wolverine and lynx. This is the only region in Norway falling inside the CMZ for all four large carnivores. Clearly, the pressure from the carnivores is larger in this area than in any other part of the country. The southern region is inside the CMZ for lynx, but bear and wolverine are not present. There is also more wolfs in the north than in the south. The impact of carnivores is therefore substantially lower in the south than further north.
Much of the southern part of the CMZ for gray wolf is within commuting distance from the capital Oslo and several other large cities. People who inherit small farms in this region can find employment in nearby urban centers. Some city dwellers also find it attractive to move out of the cities and settle on small farms in commuting distance from the urban areas. These rural residents earn their main income outside the agricultural sector, but often keep horses and a few sheep on the farm.
Sheep in this region are kept in fenced enclosures on managed fields, patches of forest land, or in ravines close to the infields. Predator-repellent electric fences are common, and subsidized by the authorities. Losses occur here as well, but with little consequence for the farmer's economy. Grants provided for fencing, compensation for inconveniences of keeping the sheep on the infields and grants for landscape management may be insufficient incitements for farmers who have sheep production as a main part of their income, but is an attractive subvention for farmers keeping small herds of sheep for landscape management or as an avocation.
Outfield Grazing Resources are less Exploited in CMZs than Outside CMZs
A notable difference between the CMZs for carnivores and the rest of the country is the exploitation of the outfield grazing capacity. Norway has outfield grazing resources to feed~7,500,000 LSU (1 LSU = 1 adult sheep) in the outfields during the summer season. The current use is 3,000,000 LSU, or 40% of the capacity. The use outside the CMZs amounts to 59% of the capacity, while the use inside the CMZs for carnivores is only 26% of the capacity. The differences are even more striking when the CMZs are studied individually. Only 6% of the grazing resources in the CMZ for brown bears are used, while the use in the CMZ for gray wolf is 12%. It is reasonable to interpret these differences as an effect of the presence of carnivores and regulations implemented as part of the zoning strategy.
The low number of livestock in some of the carnivore areas will inevitably also lead to changes in the cultural landscape and influence the biodiversity in these areas. A number of studies describe how grazing livestock have formed the current vegetation and biodiversity in farmland and pastures in Norway Birks 2002, 2004; Potthoff 2009; Wehn et al. 2011) . The consequence of a declining number of livestock is that low grazing pressure leads to succession towards woodland (Olsson et al. 2004; Bryn et al. 2013; Speed et al. 2010; Wehn 2009) accompanied by a negative influence on the biodiversity (Johansen et al. 2019; Potthoff and Stroth 2011) . Plants typical for seminatural meadows and pastures are replaced by plants that are less resistant to grazing when the livestock is gone (Speed et al. 2012) .
A possible solution for some regions is to change the production from sheep to cattle, at least in areas without bears. Cattle could uphold the grazing intensity, in particular on areas close to the farms, and contribute ecosystem services by upholding biodiversity and landscape qualities. Use of traditional Norwegian races, now threatened by extinction, could also be a step to support the conservation of genetic variation in Norwegian agriculture (Saether 2013) . Sheep in fenced enclosures around the farmsteads contribute to uphold the landscape and biodiversity on these selected sites.
We observed a geographical difference with respect to the changes in area used for grass production. These areas were reduced by −3.3% outside the CMZs, but increased by 5.1% inside the CMZs. The increase in the southern part of the CMZ for gray wolf was 16.7%. We interpret the differences as a sign of increasing reliance on infield pasture and fodder produced on the farm itself, at the expense of outfield pastures in areas where the livestock is vulnerable to carnivore attacks. Farmers have, for example, established community-based systems to handle situations when carnivores, such as the wolverine, habitually start their attacks on livestock late in summer (Mabille et al. 2015) . Sheep are mustered and brought down from outfield pasture in the mountains to be kept on lowland pastures closer to the farms when the carnivore attacks set in. This increases the demand for cultivated fodder.
Carcasses of Sheep Killed by Carnivores are Mainly Found near, but Outside the CMZs
Sheep losses have decreased inside the CMZs since the implementation of the zoning strategy. The decrease is most noticeable inside the CMZs for brown bear and gray wolf. This is an effect of the removal of sheep from the open outfield pastures. The physical separation of livestock and carnivores is effective. The liability is increased losses in areas just outside the CMZs and that some farmers lose their employment.
The borders of the CMZs are not clear to the animals, except when they follow large water bodies. Roaming or migrating carnivores will not heed zonal borders. Resident carnivores in the CMZs will also stray outside the zones. This is particularly true for dispersing bears and wolves searching for new territories (Swenson et al. 1998; Linnell et al. 2005a; Kojola et al. 2006; Ministry of Climate and Environment 2016, p. 26) . While CMZs are filling up with established family groups as a result of successful conservation strategies, more and more individuals also straggle outside the zones. Our results show that a substantial part of the depredation by carnivores takes place outside the CMZ borders. Similar effects were observed in Italy where the highest level of conflict was found at the border of the wolf range (Ciucci and Boitani 1998) . This is an unforeseen effect of the zoning strategy. More resolute hunting of carnivores straying outside the CMZs is needed to relieve the problem, and farmers in the neighborhood outside a CMZ will need some of the same protective measures that are used inside the CMZs.
Mitigation Efforts
The reintroduction of carnivores in Norway has led to depredation on livestock, but the losses do not represent a threat to national food security and has little impact on the economy of the agricultural sector at large. The consequences can still be considerable for the economy and quality of life for individual farmers. This is in accordance with the results reported by Rigg et al. (2011) from their study of humanlivestock conflicts in Slovakia. The reintroduction of carnivores is consequently controversial and leads to conflicts. Zoning is a mitigation strategy aiming to minimize these conflicts. The actions involved are (1) to manipulate large carnivore density; (2) to adjust the way conflicting activities are conducted; and (3) to remove conflicting activity from the carnivore range (Linnell et al. 2005b) .
Carnivore density is regulated by lethal control. Zoning implies that carnivore populations must be culled in order to control their size and geographical distribution. Due to the twofold objective of the Norwegian zoning policy, carnivores must be removed when they are a threat to livestock outside the CMZs. Our results show that this aspect of the zoning strategy is unsuccessful. Sheep losses are high in areas outside, but close to the CMZs. The problem is particularly severe in the vicinity of the CMZs for gray wolf and brown bear. The challenge is partly that hunting during acute situations is difficult, especially in forested areas during the summer, but also that environmental authorities may be reluctant to permit culling as an emergency measure. Better, more efficient hunting outside the CMZs is needed to strengthen the legitimacy of the zoning strategy.
The CMZs are not wildlife reserves, but created to give carnivores a place to breed in order to reach a viable population size. The population must still be controlled upon reaching the preset population size. Culling inside the zones is required to limit the spillover effect caused by carnivores migrating outside the zones and to create vacant spaces inside the zones where vagrants can settle and create a territory.
Removal of packs or individuals can reduce conflict by creating an interruption to the local carnivore pressure, not only for sheep farmers but also for local hunters. Culling inside the CMZs does also have a direct effect on conflicts when local hunters are allowed to participate. "Norwegian studies leave little doubt that one of the measures that potentially could have the greatest conflict-reducing effect is carnivore hunting in a form that is open to local hunters" (Linnell et al. 2005b, p. 173) .
The second action involved in the zoning management is adjustment in the way conflicting activities are conducted. This is by applying restrictions as well as through stimulation. Restrictions include legislation forbidding livestock on open (unfenced) pasture and limiting credits for investments in sheep industry in carnivore prone areas. Financial incentives include grants for fencing, keeping sheep in enclosures, and coverage for expenses induced by the structural changes in the sheep industry. The efforts are, however, not always successful. Two very large enclosures have been established in the northern part of the CMZ for gray wolf. Lynx and brown bear have both been able to enter these enclosures, clearly with the potential to create much carnage. Hunting carnivores inside the enclosures is difficult due to their large acreage. The learning point is that smaller enclosures are more beneficial, because they are easier to guard and also less costly to maintain. Smaller enclosures have been prioritized in the southern part of the CMZ for gray wolf. The downside of smaller enclosures is that sheep must be moved between enclosures more often, and that higher sheep density leads to more medical problems (Lillevold 2015) . Still, smaller enclosures are preferable but the grants have to be sufficient to cover the real cost of setting up and maintaining the fences, moving the sheep between enclosures, cover medical expenses, and offset the reduced production when sheep graze in enclosures. The economical aspect of keeping sheep on infield pasture for prolonged periods is documented in Stornes (2017) .
The third aspect of zoning is to remove conflicting activity from the carnivore range. This can be done by using shepherds and guarding dogs, or by confining livestock to fenced pastures (Linnell et al. 2012 ). Shepherding and guarding dogs have been successful in other countries, but does not give results in Norway (Mabille et al. 2015) . This is partly due to the behavior of the sheep races used in Norway, partly linked to the terrain and vegetation.
Forced migration is used in some countries, but not in Norway. Still, the sheep industry is effacing from some regions within the CMZs. This is partly achieved by grants supporting the change from sheep farming to other productions (Jenssen et al. 2019 ), but mainly happening because farmers find that the losses and cost is too high and therefore choose to leave the industry. This process is generating conflict (Vittersø et al. 1998) .
The process leading to complete abandonment is long and painful. Farmers interviewed in Strand et al. (2018) found the process alienating, impairing confidence in the authorities, and generating conflict. The anger is not only directed at the carnivores, but also against the environmental authorities. The observation is concordant with reports from Sweden (Eriksson 2017) .
The consequence of zoning when the largest carnivores (brown bear and gray wolf) are involved is that many farmers abolish the entire industry. The abatement has been a prolonged process and this is itself generating conflict . The management of the implementation of the zoning strategy is therefore important.
The prospect that the traditional sheep industry based on outfield resources would be abolished in the most carnivore prone areas could have been communicated clearly to the affected farmers when the CMZs were established. This would not have been a popular message, but it would have allowed the farmers and the local communities to be better prepared for the inevitable changes. Sufficient funding could have been allocated to allow farmers to change to other kinds of agriculture without suffering economic losses. Grants could also have been given to farmers who wanted to retrain themselves for other vocations or develop nonagricultural businesses based on the farms. The authorities could also have created alternative employment opportunities in the rural areas. Farms in peri-urban areas are upheld as residences because the owner can find alternative employment. Farmers forced out of business in more remote areas do not have the same opportunities.
The zoning policy also has consequences outside the agricultural sector. Skogen (2001) observed that opposition to the current carnivore policy often comes from people not themselves involved in sheep farming. Some of these are forest owners who find that their income from game hunting vanishes (Strand et al. 2016) . Economic compensation to forest owners to cover lost income could lessen the conflict in areas with gray wolf. Engaging local hunters for monitoring (Skogen 2003) , culling (Linnell et al. 2005b) , and otherwise controlling carnivore populations would also improve local involvement and could lessen the conflicts.
Conclusion
Our results show that the zonal management approach used in Norway is a reasonably successful management strategy when the goal is to separate livestock from carnivores and reduce the livestock losses. The strategy does, however, imply an unequal distribution of burdens. The encumbrance is severe for livestock farmers inside the CMZs, who use time and resources to implement mitigation measures. Carnivore presence and the increased use of (fenced) infield pastures is causing reduced animal welfare and increasing medical costs (Asheim and Eik 2005; Kilgour et al. 2008) . Farmers in the most affected areas cannot use their local grazing resources in the outfields and many have abandoned livestock farming altogether, with considerable consequences for the economy and the quality of life for the farmers concerned and their local communities. There are few attempts to seriously involve local communities in the management of the zoning strategy, compensation for incommodities is deficient and there are insufficient alternative employment opportunities for affected farmers. The legitimacy of the CMZ management system is therefore disputed in many rural communities, escalating the political conflict over the entire carnivore conservation strategy.
Economic compensation to cover the burden imposed by the carnivore policy may relieve the conflict. For sheep farmers, the reasonable compensation should cover the cost needed to secure an income equal to the income from sheep farming. Policy makers could also consider allowing former farmers a freedom of choice between transformation to a new kind of agricultural production (e.g., dairy farming), continued sheep farming under new and confined conditions (e.g., on fenced infields), or finding alternative employment opportunities. Compensation for forest owners who had their income from game hunting reduced could also be considered, if the aim is to reduce the human-carnivore conflict. These proposals are in effect hypotheses about their assumed positive effect as means to reduce human-carnivore conflicts. It is difficult to test these hypotheses effectively, unless the policy is implemented, but it is possible to conduct studies of attitudes towards the proposals.
There is a need for further monitoring and research, starting with the documentation of the carnivore management system itself. The available maps of the CMZs used in this study required considerable technical management before they could be used in the analysis. It was not possible to find maps of the carnivore distribution and we had to develop an approximation for use in this study.
Our results show that the major structural change in sheep farming is found in areas where three or four CMZs overlap. This is indicative of a causal relationship with carnivores, but the exact relationship cannot be determined without better data documenting carnivore presence and density. Such data are needed to separate the effect of bears alone from the effect of having many carnivore individuals or many carnivore species together in an area.
We assume that the zoning strategy can have an impact on biodiversity and the agricultural landscape (negative in areas where livestock is removed and positive at locations where livestock is grazing more intensively in fenced enclosures). No monitoring data are currently available to test this hypothesis. The register data used here also show that livestock farming is abandoned in remote rural areas inside the CMZs. This may be an effect of the carnivore management, but could also be a consequence of migration from rural to urban areas, independent of the presence of carnivores. A comparative study with similar regions outside the CMZs is needed in order to test this hypothesis.
Our results show that sheep losses are increasing outside, but close to the CMZs. The range probably varies between carnivores and possibly also with terrain and vegetation. A better understanding of the distance factor would be beneficial in order to design management zones with less impact on livestock outside the borders. More knowledge is also needed to design and implement geographically accurate mitigation efforts to assist farmers vulnerable to predation on livestock outside the CMZs.
Finally, there are many studies of people's attitude towards carnivores (Dressel et al. 2014; Krange et al. 2017 ). There are, however, few studies of the wider social and economic consequences of zonal carnivore management systems on local communities and people's economy and welfare. Skogen (2001) and Skogen and Krange (2003) show that conflict over carnivore management reach beyond the sheep farmers who are directly affected. We believe conflict management must start with a thorough understanding of the social aspects of the conflict. Currently, there is a knowledge gap regarding the social consequences of carnivore management on rural societies.
